This article presents an experimental investigation of the heat transfer characteristics as well as energy and exergy performance for a pressurised volumetric solar receiver under variable mass flow rate conditions. During a two-hour period of continuous operation in the morning, the solar irradiance is relatively stable and maintained at approximately 600 W/m 2 , which is beneficial for analyzing the energy and exergy performance of the solar receiver. Experimental results show that the mass flow rate fluctuation has insignificant effect on the solar receiver outlet temperature, whereas the mass flow rate plays an important role in the solar receiver power, energy efficiency and exergy efficiency. The efficiency of the solar receiver is normally above 55% with the highest efficiency of 87%, and under steady state operating conditions the efficiency is maintained at approximately 60%. A very low value of the heat loss factor (0.014 kW/K) could be achieved during the current steady state operating conditions. The highest exergy efficiency is approximately 36%. In addition, as the temperature difference increases, the impact of the exergy factor increases. The highest exergy factor is 0.41 during the entire test.
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Introduction
With rapidly increasing energy prices and globalization, process industries seek opportunities to reduce production costs and improve energy efficiency. Among the energy-efficient technologies, Concentrated Solar Power (CSP) system is considered as one of the most attractive ways to solve the energy crisis in the future [1, 2] . Many developed countries like the United State and the European Commission have been devoted to the solarized Brayton micro-turbines system over the past decades [3] [4] [5] .
Compared to the traditional gas turbine, solarized Brayton turbines use a solar receiver to replace the combustion chamber in the traditional gas turbine [6] . The solar concentration part which is used to provide high temperature air is very crucial for the entire solar power system. The system efficiency and the cost of the power generation are highly depended on the solar concentration conversion efficiency from solar radiation to the thermal fluid. Thus, the solar concentration part has to be well designed in order to achieve high efficiency and low pressure loss. Many studies have been devoted to the design and performance of the receiver. Neber and Lee [7] designed a high temperature cavity receiver using silicon carbide. Then a scaled test section was placed at the focal point of a parabolic dish collector and reached a maximum temperature of 1248 K. Lim et al. [8] designed a tubular solar receiver with a porous medium and found the optimal design point of the proposed solar receiver concept to heat up compressed air. The results of this study offer a valuable design guideline for future manufacturing processes. Wu et al. [9] developed a novel particle receiver concept for concentrating solar power (CSP) plants. Special attention was paid to the effect of rotation on convective flow in a cylindrical cavity with heated side walls for solar applications. Buck et al. [10] introduced a receiver module consisting of a secondary concentrator and a volumetric receiver unit which was closed with a domed quartz window to transmit the concentrated solar radiation.
Hischier et al. [11, 12] proposed a novel design of a high-temperature pressurized solar air receiver for power generation via combined Brayton-Rankine cycles. It consists of an annular reticulate porous ceramic bounded by two concentric cylinders.
The heat transfer mechanism was analyzed by the finite volume technique and by using the Rosseland diffusion, P1, and Monte-Carlo radiation methods. It was found that, for a solar concentration ratio of 3000 suns, the outlet air temperature can reach 1000 °C at 10 bars, yielding a thermal efficiency of 78%.
It is recognized that the flow and heat transfer processes in the solar receiver are very complicated. Over the past years, many studies have been devoted to the optimization of the design using theoretical and numerical methods. Nan Tu ea al. [13] studied a saturated water/steam solar cavity receiver with different depths by adopting a combined computational model. Various trends of thermal efficiency and heat loss with depths were obtained. A suitable cavity depth was finally found for the receiver.
Wang and Siddiqui [14] developed a three-dimensional model of a parabolic dish-receiver system with argon gas as the working fluid to simulate the thermal performance of a dish-type concentrated solar energy system. Wu et al. [15] presented and discussed temperature and velocity contours as well as the effects of aperture position and size on the natural convection heat loss. Their study revealed that the impact of aperture position on the natural convection heat loss is closely related to tilt angle, while the aperture size has a similar effect for different tilt angles. Hachicha et al. [16, 17] proposed a numerical aerodynamic and heat transfer model based on
Large Eddy Simulation (LES) modelling of parabolic trough solar collectors (PTC),
and verified the numerical model on a circular cylinder in the cross flow. The circumferential distribution of the solar flux around the receiver was also studied. Von
Storch et al. [18] proposed a process for indirectly heated solar reforming of natural gas with air as heat transfer fluid. Different solar receivers were modeled and implemented into the reforming process.
On the other hand, many numerical research works are also conducted to simulate the detail heat transfer process. Flesch et al. [19] numerically analyzed the impact of head-on and side-on wind on large cavity receivers with inclination angles ranging from 0°(horizontal cavity) to 90°(vertical cavity) and compared with the data published in the open literature. Yu et al. [20] performed a numerical investigation on the heat transfer characteristics of the porous material used in the receiver of a CSP with different structure parameters. The effects of different boundary conditions were revealed. Tu et al. [21] proposed a modified combined method to simulate the thermal performance of a saturated water/steam solar cavity receiver. Capeillere et al. [22] numerically studied the thermomechanical behavior of a plate solar receiver with asymmetric heating. The numerical results showed that the choice of the shape and levels of the solar irradiance map is crucial. The distribution of the most relevant incident solar flux and the geometry compromise were determined. Wang et al. [23] conducted a numerical study focusing on the thermal performance of a porous medium receiver with quartz window. Their results indicated that the pressure distribution and temperature distribution for the condition of fluid inlet located at the side wall was different from that for the condition of fluid inlet located at the front surface. Roldan et al. [24] carried out a combined numerical and experimental investigation of the temperature profile in the wall of absorber tubes of parabolic-trough solar collectors using water and steam as the heat-transfer fluids. A good agreement between the measured and computed thermal gradient was achieved.
Exergy analysis has been applied in various power studies. In the authors' earlier studies [25, 26] , a coiled tube solar receiver had been designed and tested in the real solar radiation condition. But due to the limitation of the tube material, the coiled tube solar receiver could not achieve very high temperature. Thus, a pressurized volumetric solar receiver using metal foam as thermal absorbing core is designed in this work. It appears from the previous investigation that the key point for the 
Experimental apparatus and method
Experimental apparatus
The experimental study was conducted at a location with the geographical position of 30°36' latitude and 120°22' longitude, Hangzhou, China. The whole system, shown schematically in Fig Table 1 , which is provided by the dish reflector manufacturer. To make sure that the light reflected by the mirror focuses on the aperture of the receiver, each mirror was adjusted carefully.
The dish is controlled by a solar tracker which is embedded in the inner program to make the dish face the Sun automatically. The inner program could accurately calculate the attitude angle in terms of the dish location of the earth and the local time.
As illustrated in Fig. 1 , the attitude angle is formed between the boom line and horizon line. A stepping motor can be well controlled to change the dish attitude angle slowly. When the dish is in operation during the morning, the attitude angle is lower than for the sun just rising over the horizontal line. Whereas the dish is operated in the noon, the attitude angle is approximately . It should be recognized that the initial setting for the location and accurate time is very crucial during the test. An uninterruptible power supply (UPS) system is also adopted to assist the dish off the solar direction in some emergency to further protect the receiver. During the experiments, a 20 kW piston compressor driven by electricity is used to compress the air. The pressurized air is compressed at environmental temperature from environmental pressure. After the filter, the air is pressurized into the air tank with pressure of 0.8 Mpa (absolute pressure) to guarantee enough air flow during the experiment process. After that, the pressurized air is supplied into the receiver. Two valves are installed at the receiver inlet and outlet to ensure the receiver works under the designed pressure about 0.4 Mpa. Because the light incident surface of the receiver is made of quartz glass, too high pressure could damage the receiver. Hence, by adjusting this valve, the pressure of the whole system as well as the portion of the receiver can be well controlled. The output mass flow rate is variable. Thermocouple and pressure sensor are placed at the inlet and outlet of the pipe respectively to obtain the receiver efficiency and heat loss. The receiver itself is mounted onto the cantilever arm. In the current study, the heat flux of the focus power could achieve 1000 kW/m an additional protecting panel is mounted circumferentially to the receiver. As shown in Fig. 3 , the protecting panel is made of Calcium silicate board 10 mm in thickness.
The diameter of the aperture in the protecting panel is 250 mm. Four K-type thermocouples with an accuracy of 0.5 °C are fixed on the back to monitor the temperature of the protecting panel. When the temperature is over , it means that the concentrated solar spot is not located into the aperture. As a result, the inner program has to be reset to adjust the attitude angle in order to prevent fatal damage.
Solar receiver set-up
For the current experimental evaluation, as shown in Fig. 4 , the solar receiver is designed as a type of pressurized volumetric solar receiver. 
Energy and exergy analysis
Experimental energy and exergy parameters to characterize the thermal performance of the receiver are presented in this section. [27, 28] The energy that the whole system receives comes from the solar radiation. The solar radiation power on the parabolic dish reflector can be expressed as:
Energy analysis
( 1) where is the solar radiation power on the dish, is the effective aperture area of the parabolic dish, and G is the direct solar irradiation from the Sun to the dish.
G is measured with a normal incidence pyrheliometer (NIP) Hukseflux DR01
attached to the solar tracker.
The solar radiation is concentrated and delivered to the receiver by the parabolic dish. The concentrated solar radiation power (E D ) can be expressed as: (2) where is the concentrated solar radiation power from parabolic dish to the receiver, is the parabolic dish combined optical efficiency described in Table 1 .
The concentrated solar radiation on the receiver is absorbed by the heat-transfer fluid flowing in the pressurized cavity of the receiver. The energy rate that air absorbs or receives power is given by:
where is the mass flow rate of the air, is the average specific heat capacity of the air which is a function of the average air inlet temperature ( ) and air outlet temperature ( . The average temperature of the receiver (T ave ) can be defined by:
Thus, the relation between the average specific heat capacity of the air and the average temperature can be obtained as:
Eq. (5) Based on energy conservation, the receiver power is the difference between the concentrated solar radiation power and the overall heat losses are relative low. The receiver power can also be described as (6) where is the rate of the heat loss from the receiver to the surroundings, which contains the convective heat losses, conductive heat losses and radiative heat losses. can be expressed as (7) where is the total heat loss coefficient determined, is the effective receiver area, and is the ambient temperature. The product is referred as the heat loss factor given by (8) Therefore, combination of Eqs (2), (3), (6) and (7) can yield
The thermal energy efficiency of the receiver is defined as the ratio of the receiver power to the concentrated solar radiation power from the parabolic dish to the receiver which is expressed as:
By dividing on both side of Eq. (9) and combine with Eq. (10) leads to (11) [27, 28, 29] The exergy rate of the receiver or the quality of the energy delivered to the circulating fluid with reference to the surroundings can be expressed as (12) Substituting Eq. (3) into Eq. (12) yields (13) The rate of the solar exergy delivery by the Sun to the dish and then to the concentrator is given by the Petela expression [30] and is expressed as (14) where is the surface temperature of the Sun which is approximately 5762 K.
Exergy analysis
So the concentrated solar radiation exergy ( ) can be expressed as:
The exergy efficiency is defined as the ratio of the receiver exergy rate to the rate of the concentrated solar radiation exergy and can be determined as follows:
The exergy factor is defined as the ratio of the receiver exergy rate to the receiver energy rate and can be represented by Eq. (17):
Uncertainty analysis
The uncertainties of the measurements in the experiment are dependent on the experimental conditions and the measurement instruments. An uncertainty analysis is performed on the receiver power and the receiver exergy , which are the most important derived quantities from the measurements when using the propagation of error method described by Moffat [31] . The uncertainty of the receiver power could be calculated by the following equation:
While the uncertainty of the receiver exergy rate is given by (18) In the current study, the main uncertainty parameters are the mass flow rate ( ), the inlet temperature ( ), and the outlet temperature ( ). The relative uncertainty of the mass flow rate is given by the float flowmeter with the value of 2%. Therefore, . The uncertainty of the temperature is given by the K-type thermocouple with the value of .
The maximum experimental values for the receiver power and exergy rate are around 18.5 kW and 7.28 kW, respectively. The uncertainty of the receiver power is 0.372 kW, and the uncertainty of the receiver exergy rate is 0.147 kW. Overall, the overall uncertainty of the receiver power and exergy rate are 2.01% and 2.02%, respectively. This phenomenon is very important and should be stressed here since the sunshine is limited in the day time, and a quick start up can make the overall solar power generation system to generate more electricity. Therefore, the cost of the power generation will be lower and the investment recovery period could be shorter. There is also another interesting phenomenon in that the mass flow rate fluctuation has little effect on the solar receiver outlet temperature. It may be due to the reason that the porous metal is used as the heat absorbing core. The pore size is very small with the value about 0.34 mm. This small size pore could increase the heat transfer coefficient and area obviously. The heat transfer between the porous metal and the air is strong enough so that the air outlet temperature could be very close to the temperature of the porous metal. Therefore, the effect of the mass flow rate fluctuation on the solar receiver outlet temperature is very small. influence on the value of , and , so that the solar receiver power is mainly affected by the mass flow rate especially after the starting stage. The maximum solar receiver power is achieved at about 11:50am with the value of 18.5 kW. Fig. 10(a) shows the time series of the solar receiver efficiency. It is found that when the solar receiver turns into steady state, the efficiency of the solar receiver can be above 55%. The peak value of the efficiency is 87%, and finally, the efficiency is maintained at around 60%. And it is also found that the value of has the same trend with the mass flow rate after the receiver entering into steady stage. In other words, the energy efficiency is positively correlated with the mass flow rate as shown in Fig. 10(b) . The main reason for this phenomenon can be explained by Eq. (10). As described above, the concentrated solar radiation power ( ) is nearly maintained constant at around 22.5 kW, but the mass flow rate has great influence on the solar receiver power ( ). Therefore, the ratio of and has a positive relationship with the mass flow rate. This is a very beneficial conclusion. Because in our experiment, the mass flow rate is obviously lower than the real solarized gas turbine system. So the efficiency of the real solarized gas turbine system will be very high.
Results and discussion
Correspondingly, the usage of the gas will be lower and the investment recovery period could be shorter. Fig. 11 demonstrates the evolution of the heat loss factor ). At the starting point, is very high (1.17 kW/K) because of the receiver preheating, and then it drops very quickly within the first 5 mins. When the receiver works at steady state, the heat loss becomes lower and achieves the minimum value of 0.014 kW/K. In the current study, the heat loss mainly consist of the conduction heat loss, conviction heat loss and radiative heat loss. Conduction heat loss could be reduced by using material with low thermal conductivity. In the present work, the receiver is surrounded by Aluminum silicate whose thermal conductivity is 0.06 . The
Aluminum silicate can act as the thermal insulator to minimize the heat loss.The thermal convection between the solar receiver and ambient is very low as well, this is because the absorbing core is sealed in a pressurized cavity. As a result, only small natural convection occurs around the external cavity of the receiver. It is noted that the use of the insulator could obviously reduce the natural convection. The radiative heat loss is also an important part of the heat loss, but it can be reduced by using small aperture, as shown in Fig 4. In the design of solar receiver, choosing an appropriate aperture diameter is very important for the receiver performance. Fig. 12 shows the comparison between the receiver exergy and the concentrated solar energy as well as the receiver energy. From this figure, the exergy rate and energy rate vary in a similar manner, the mass flow rate also has the same influence on the exergy rate. It is noted that the highest value of the exergy rate during the test period is around 7.28 kW, whereas the maximum energy rate can reach 18.5
kW. It can be concluded that the quality of the energy from the receiver is low due to a large amount of irreversible energy changes such as heat losses and the transfer of high quality solar energy to a fluid that is circulating at a relatively low temperature.
From Eq. (13), it can be concluded that under the same temperature difference and the same energy rate condition, increasing the receiver inlet temperature can achieve higher exergy rate . This will be very helpful for the design of the solar power system. As a result, some recuperator or heat exchanger should be used in the inlet of the solar receiver to recover the waste heat and increase the solar inlet temperature. It is obvious that the exergy efficiency increases with the inlet temperature raises. Therefore, increasing the inlet temperature could be a potential way to increase the exergy efficiency. Fig. 15 shows the exergy factor plotted as a function of the temperature difference between the outlet and inlet temperature of the receiver with a linear correlation fitted. The exergy factor is also usually used as a measure of the performance of the receiver. Obviously, as the temperature difference increases, the exergy factor also increases. With the temperature difference achieves 450 K, the exergy factor could be higher than 0.4. And this plot also suggests that a higher exergy factor can be obtained when high temperature difference is available. As seen from this figure, the highest exergy factor is 0.41 during the entire test.
Conclusions
This paper performed an experimental study to investigate the thermal performance of a pressurized volumetric solar receiver under real solar radiation conditions. In order to design a high efficiency solar receiver, some important parameters such as different porous material, the size of the quartz window, the shape of the cavity, should be selected carefully. In the current work, a parabolic dish with solar tracker system is well designed and the obtained results are analysed using energy and exergy analyse method. Experimental results reveal that the solar irradiance is almost stable and maintained at around 600 W/m 2 from 10:00 am to outlet temperature. However, the mass flow rate has great influence on the solar receiver power, energy efficiency and exergy efficiency. The efficiency of the solar receiver can be above 55%. The peak value of the efficiency is 87%, and finally, the efficiency is maintained at around 60%. During the steady state, the heat loss becomes lower and achieves the minimum value of 0.014 kW/K. The highest exergy efficiency is approximately 36%, whereas the highest energy efficiency is around 87%. As the temperature difference increases, the impact of the exergy factor increases. The highest exergy factor is 0.41 during the entire test. 
